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ABSTRACT
This thesis presents a series of studies on single particle and biological cell detection
and differentiation by a radio frequency (RF) interferometer system. Several techniques,
such as dielectrophoresis (DEP), time domain method and 3D focusing have been
illustrated and investigated to demonstrate the capacity of interrogating the electric
property of single particle or biological cell by the RF interferometer. Silica particles and
live yeast cells are trapped at the sensing area by DEP force and detected by the RF
sensor. Solutions of particle mixtures (~4 μm silica and ~10 μm polystyrene) and cell
mixtures (viable and non-viable yeast cells, normal and cancer human breast cells,
healthy and malaria infected red blood cells) are infused into a microfluidic channel,
separately, and measured at ~ 3 GHz in time domain, indicating that individual particles
and cells can be effectively detected and differentiated. RF measurement of silica
particles, normal and cancer human breast cells, healthy and malaria infected red blood
cells is also conducted at multiple frequency points due to the tunability of the RF
interferometer system. The results show that higher working frequency provides higher
sensitivity of detecting and differentiating single particles and cells. Theoretical analysis
and simulation is beneficial to elucidate and verify the measurement results. Moreover,
3D focusing technique and low cost RF sensor design is proposed in order to better
control the trace of particles and cells travelling through the microfluidic channel, and
meanwhile, eliminate position affects on RF signal response induced by individual
particle or cell. Future work is needed to precisely control cell positions, characterize the
cells at more frequency points, and obtain quantified cell properties.
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CHAPTER 1
INTRODUCTION
Microwave and radio frequency (RF) techniques have become powerful and
economical approaches to detect and analyze microscale particles, as well as biological
materials. Among the various approaches, label-free and easy-to-use RF techniques have
demonstrated significant prevalence in particle or biological cell detection and
characterization, such as leukocyte subpopulations, cancer cells, red blood cells, etc.
Moreover, lab-on-a-chip (LOC) devices, mostly consisted of microscale electrodes and
microfluidic channels sealed on top, provide an aqueous environment for particle and
biological cell transportation and analysis. Based on non-uniform electric field that the
electrodes generate, dielectrophoresis (DEP) has been widely used to manipulate the trace
of particles or biological cells in order for counting, sorting, etc.
However, DEP aided RF techniques mostly need to stop cells for static examinations.
As a result, the measurement speed is restricted and extra manipulation is involved. Time
domain detection technique based on RF interferometers is promising to be an effective
tool for single cell property characterization and examination. Additionally, due to the
tunability of RF interferometers, particle or biological cells can be investigated over
widely covered frequency ranges, which is believed to reveal more information. 3D
focusing techniques have also been well developed in order to confine the trace of
particles or biological cells travelling through the microfluidic channel, and increase the
signal to noise ratio.
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This chapter covers the backgrounds and current development of several research
topics of interest. As an introduction, the current research efforts and techniques being in
use are illustrated comprehensively in the next subsections. By examining the present
techniques, we combine them with our own techniques and address several target issues
by improving them. As for a long term goal, new methods will be proposed and
developed in order to overcome the difficulties and imperfections faced by the present
techniques.
The outline of this thesis is also presented in this chapter.
1.1 Dielectrophoresis in Microfluidics Technology
Lab-on-a-chip (LOC) devices are based on microfluidic platforms, which facilitates
wide development in complex chemical and biological material detection and analysis,
such as gas, liquid, cells, etc. as well as in the fields of life sciences, atmospheric sciences,
pharmaceutical research, etc. The manipulation of particles or biological cells in the LOC
systems is critical for trapping, sorting, etc. Several methods, including optical tweezers
[1], magnetophoresis [2], acoustic means [3], etc. have been developed to manipulate
particles in the microfluidic systems. Moreover, dielectrophoresis (DEP) is another
powerful tool for particle manipulation in LOC systems due to their favorable scaling for
the microscale size of the system [4]. DEP is the migration of a particle in a non-uniform
electric field generated by the induced particle dipole and its interaction with the electric
field. It is favorable for particle manipulation in microsystems since it is label-free and
non-invasive, well scaled to match the size of microsystems [4], capable to induce both
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positive and negative forces mainly determined by the dielectric property difference
between the particles and the surrounding medium. Several techniques, including direct
current (DC) DEP [5-7], alternating current (AC) DEP [8-10] and DC-biased AC-DEP
[11-13] have been reported for manipulation micro/nanoparticles. In addition, DEP has
also been researched and applied in biological material detection and differentiation, such
as the separation of cancer cells from blood stream [8, 9], the isolation of the malariainfected cells from the blood [14, 15], the isolation of rare cells from biological fluids
[16], etc. However, the order of single biological cell measurement has not been well
achieved, neither for detection and analysis at multiple frequency points to collect more
information.
1.2 Single Particle and Biological Cell Analysis
Label-free detection, identification and separation (sorting) of single cells at high
speed are of great interest for biology and medicine development [17-19].

Such

techniques are also promising for point-of-care service provided that the devices are
inexpensive and easy to use. Optical methods, which have been dominant for cell studies,
often need labels for sufficient detection sensitivity and specificity despite recently
reported label-free imaging of single stem cells [20]. As a result, measuring and
exploiting the electrical properties of single cells have been actively pursued. Dielectric
spectroscopy (DS), often in the form of impedance flow cytometers, is the main approach
for single cell detection and identification [17]. Significant progress has been made,
including label-free analysis of leukocyte subpopulations [21] and cancer cells [22],
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among many others. But most current DS efforts, as well as electromechanical methods
that also exploit cell electrical properties (e.g. DEP and electrorotation [23, 24]), are at
relatively low frequencies. High frequencies are believed to be necessary to interrogate
cell interior [25, 26] while broad frequency coverage is considered important to uncover
cell characteristics. Unfortunately, the sensitivity of impedance flow cytometers is often
compromised at high frequencies [17].

The use of resonators [27, 28] and

interferometers [29, 30] help address this issue, but at single frequency points.
Broadband [31] and multiple frequency DS [32] are also reported with single cell
sensitivities. Yet, these techniques mostly stop cells for static examinations. As a result,
the measurement speed is limited.
1.3 3D Focusing and Low Cost RF Sensors
With the development of the techniques in single biological cell detection and
analysis, enhanced signal to noise ratio is highly required in order to retrieve quantified
cell electric properties. 3D focusing in microfluidic systems is one of the most popular
techniques to mitigate particle or cell position affects by aligning particles or cells in the
middle of the channel, as well as confining the sample stream close to the sensing
electrodes by a sheath flow.
Moreover, low cost RF sensor is another important trend in the development of
single cell detection and differentiation techniques. Printed circuit boards (PCBs) are
easily obtained, and fabricated by milling machines compared with expensive and
complicated lithography process in the clean room. Additionally, the microfluidic
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channels can be fabricated by cutting the metal of PCBs for particle or biological cell
transportation instead of additional microfluidic channels on top of the sensors. Careful
design and fabrication can help restrict particle or cells just in the middle section of the
channels and eliminate position affects.
1.4 Outline of Thesis
In the following chapters, the utilization of DEP force in silica particle and live yeast
cell detection at multiple frequency points, time domain detection and differentiation of
single particles and biological cells with a RF interferometer, and studies on 3D focusing
microfluidic channels as well as low cost RF sensors, will be presented. Technique,
theory, simulation results, measured results and preliminary conclusions will be discussed.
Future work will also be planned as the final part of each chapter.
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CHAPTER 2
DEP AIDED SILICA PARTICLE AND YEAST CELL ANALYSIS BY RF
SENSOR
2.1 Introduction
Dielectrophoresis (DEP) is the migration of a particle in a non-uniform electric field
generated by the induced particle dipole and its interaction with the electric field. DEP is
determined by the dielectric property difference between the particles and the
surrounding medium, as well as spatial structures of the field. It is well investigated for
particle manipulation, such as latex sphere trapping [33], polystyrene particle separating
[34], etc. DEP can be well operated even in microscale size of system so that it provides
potentiality in complex chemical and biological measurement which needs microfluidic
platforms mostly. DEP has been widely used in biological cell interrogation by lab-on-achip (LOC) devices, such as human leukocytes separation by microfabricated
interdigitated electrodes [35], yeast cell detection and differentiation by a reservoirmicrochannel [36], malaria infected red blood cell isolation by a spiral electrode array
[37], etc.
In this chapter, 4 µm silica particles will be investigated by a coplanar electrode RF
sensor in a tunable and sensitive interferometer system with the aid of DEP trapping.
With the similar method, live yeast cells are also detected at ~3.9 GHz. Due to the
tunability of the RF interferometer system, silica particles are characterized at two
different frequency points, ~375 MHz and ~3.9 GHz, consecutively without extra
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manipulation of particle positions in order to investigate different sensitivity at different
frequency points.
2.2 Dielectrophoresis
2.2.1 Dielectropheric Force in an AC-Field
In an AC-field with a single angular frequency ω, the electric filed can be
represented by the phasor notation as:
E ( x, t ) = Re  Eˆ ( x ) e jωt 
where Ê =

(1)

( −∇φˆ ) is the electric field phasor (E thereafter) [38]. Moreover, the Clausius–

Mossotti (CM) factor fCM should be modified by replacing the permittivities with
complex permittivities in an AC-field. Performing this substitution leads to a complex
dipole moment expression given as [39]
p = 4πε m fCM R 3 E

(2)

where
fCM ( ε p , εm ) =

ε p − εm
ε p + 2εm

(3)

where ε is the complex permittivity and defined as
σ 

ω 

ε= ε + j 

(4)
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As a result, the time-averaged DEP force on a spherical particle in an AC-field can be
expressed as [40]
2
=
〈 FDEP ( t )〉 2πε Re [ fCM ] R 3∇Erms

(5)

where Erms is the root-mean-square magnitude of the applied AC electric field and fCM is
the CM factor and is defined in Eq. (3).
From Eq. (5), we can obtain several interesting features of DEP phenomena: (i) DEP
2
term); (ii) DEP
force is non-linear due to dependence on the electrical field strength ( Erms

force is present only when the electric field is non-uniform (the gradient is non-zero) and
is unrelated to the polarity of the electric field; (iii) DEP force depends on the sign and
the magnitude of the CM factor. If fCM >0, then the particles will be attracted by the
electric field strength maxima and repelled from minima, which is positive-DEP (p-DEP).
If fCM <0, then the particles will be attracted by the electric field strength minima and
repelled from maxima, which corresponds to negative-DEP (n-DEP).
DEP force could be examined more closely by substituting Eq. (4) into Eq. (3),
yielding:

fCM ( ε p , σ p , ε m , σ m , ω ) =

(ε

(ε

p

p

− ε m ) + j / ω (σ p − σ m )

+ 2ε m ) + j / ω (σ p + 2σ m )
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(6)

From Eq. (6), we can observe that the sign of the CM factor is determined by the
electrical conductivities of the particle and the medium at low frequencies; however, it is
determined by the permittivities at higher frequencies.
DEP force can be also investigated for manipulating biological particles. Instead of a
homogenous sphere with permittivity ε p and conductivity σ p for solid particles, single,
spherical shell model [39, 41] should be implemented for investigating DEP force of
biological particles, such as viruses, spores, eukaryotic cells. Moreover, multiple shell
models could be extended for other biological particles that have a surrounding cell wall,
like yeast cells [42, 43]. Fig. 2.1 shows that a two-layered particle depicted by the single
shell model can be represented by a homogeneous sphere with an effective complex
permittivity of ε′p [38]. Therefore, the CM factor can be modified as:
fCM ( ε′p , εm ) =

ε′p − εm
ε′p + 2εm

(7)

where ε′p is defined as [44]

  R 3
 ε − ε  
 1  + 2 2 1  
R
ε + 2ε1  
ε′p ( ε1 , ε2 ) = ε1   2  3  2

  R1  −  ε2 − ε1  
  R2   ε2 + 2ε1  

(8)
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Fig. 2.1 Schematic illustration of the single-shell model.
2.2.2 Dielectropheric Force Simulation for Silica Particles
The monodisperse silica particles are purchased from Cospheric, USA. The diameter
of the silica particles are about 4 µm and the coefficient of variation (CV) is less than
10%. The silica particles come in one gram powder and are dispersed in 10 mL deionized
(DI) water to make a concentration level of ~109/mL. Desired concentration level can be
easily achieved by diluting the original solution. The permittivity and conductivity of
silica is 3.8 and 10-12S/m, respectively. In order to simulate a biological environment and
facilitate the biological cell measurement in the future, I intentionally added 1X
phosphate-buffered saline (PBS) to make the solution have conductivity of ~ 3 ×10−2 S/m.
The conductivity of the solution is verified by the LaquaTwin conductivity meter
purchased from Horiba, USA. Moreover, the permittivity of the PBS solution is obtained
from [45].
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Therefore, the real part of the CM factor fCM of DEP force in an AC electric field
ranging from 1 KHz to 10 MHz can be calculated and plotted in Matlab, as shown in Fig.
2.2:

Fig 2.2 Real part of CM factor versus frequency of silica particle in PBS solution.
From Fig. 2.2, we can observe that an n-DEP force will be executed on silica
particles in the PBS solution at relatively low frequencies and the force strength would be
rather strong since the maximum magnitude of n-DEP force is -0.5. Therefore, this nDEP force generating at low frequencies can be used to grab silica particles at sensing
area for RF detection. The reason to choose n-DEP instead of p-DEP will be illustrated in
the following sections.
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2.2.3 Dielectropheric Force Simulation for Live Yeast Cells
Similarly, DEP force on live yeast cells is also investigated in Matlab. Yeast cells
(Saccharomyces cerevisiae) are used and have similar cell properties as described in [36].
Therefore, the yeast cell parameters for multiple shell layers are obtained as well
(properties of PBS solvent are the same as described above). Fig. 2.3 shows the DEP
force on live yeast cells versus frequency from 1 kHz to 1 MHz, which is similar as
described in the paper [36]. The curve is different from the one in Fig 2.2 since it
intercepts with the axis where Re [ fCM ] = 0 . The interception point where n-DEP
response switches to the p-DEP (or vice versa) is called cross-over frequency. It is
indicates that the complex permittivity of the cell is exactly equal to that of the medium at
this frequency point.
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Fig. 2.3 Real part of CM factor versus frequency of live yeast cells in PBS solution.
2.3 RF Sensor Fabrication and Measurement Setup
2.3.1 Design and Fabrication of RF Sensors
A simple coplanar waveguide (CPW) structure is designed for RF detection of
particles and biological cells. The layout of the RF sensor is shown in Fig. 2.4. There are
four identical CPW structures fabricated in parallel on one fused silica substrate, which
size is 1” × 3” with a thickness of 1mm. The sensing area (rectangled in Fig 2.3) is
designed to increase of the intensity of the electric field, and therefore the sensitivity of
the RF sensor. The dimensions of the sensing area is 6µm wide for the signal line and 7
µm wide for both gaps. The RF sensor was fabricated in the clean room. Procedures such
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as substrate cleaning, photolithography, thermal metal deposition, oxygen descum, and
metal liftoff, were involved. Two layers of metal were deposited: 10 nm titanium and 500
nm gold. The titanium layer served as an adhesion layer since the thermal expansion
coefficient of gold and fused silica is quite different (14 compared with 0.59, unit
10−6 K −1 at 20  C ), while titanium has 8.6. Only the top surface of the fused silica

substrates are deposited with the metal layers described above, indicating the RF sensors
have only side grounds and no back grounds.

Fig 2.4 Layout of the RF sensor (CPW) with w = 6µm and g = 7µm.
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The RF sensor is connected to coaxial cables by connectors (Fig. 2.5). The
connector has a rectangular flange end with four holes screwed tightly with the
supporting metal holder and a pin structure in the center surrounded by dielectric material.
The connection between the connector and the RF sensor is achieved by conductive
epoxy (grey part in Fig. 2.5). It is different from printed circuit board (PCB) soldering
since the surface metal of the RF sensor is gold, which is not a commonly used metal to
solder and tends to leave an insecure connection. Conductive epoxy has better
mechanical strength and electrical conductivity compared with soldering, which helps
build more reliable sensors. Another metal slide is used to support the RF sensor since it
is quite fragile. The slide is wrapped by non-conductive tapes to avoid “generating” a
back ground for the RF sensor. Polydimethylsiloxane (PDMS) channels are well suitable
for transporting particle and biological cells in an aqueous environment, and it is not
detrimental to biological materials. PDMS channels are fabricated by several steps in the
lab. First of all, a mixture of SYLGARD 184 Silicone Elastomer Kit (Sigma-Aldrich,
USA) with the proportion of 10 (base):1 (curing agent) is poured onto a flat petri dish.
Adequate stir is required. Afterwards, the mixture is poured onto the microfluidic channel
molds fabricated on silicon wafers in another petri dish, and then the petri dish with the
mold and the mixture is put into the vacuum chamber (Fisher Scientific ,USA) to remove
air bubbles. Finally, the mixture is heated at 75  C for around three hours to make PDMS
from sticky gel to solid. Each piece of PDMS microfluidic channel can be easily cut off
by a knife. Moreover, PDMS can be sealed permanently onto the surface of fused silica
by RF plasma treatment (Harrick Plasma, USA) for one minute. Two silicone tubes
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(Gecko Optical, Australia) are inserted into the two holes (punched by needles before
adhesion) for solution transportation. Extra epoxy is used to guarantee the sealing of
PDMS microfluidic channel with the RF sensor and the tubes.

Fig 2.5 The structure of the RF sensor for measurement.
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2.3.2 RF Interferometer Setup
The measurement setup is a RF interferometer system (Fig. 2.6) which is similar as
some of our group’s previous works [46-48]. It is composed of two Wilkinson power
dividers for even split and recombination of RF signals, one tunable phase shifter and one
tunable attenuator in the reference branch to provide a flexible control of the phase and
attenuation. The improvement we make on this system is that less RF components are
used to build the system compared with previous work in order to save much more space
since there is no phase shifter and attenuator in the other branch. Instead, reasonable
length of coaxial cables are used to generate 180 degree phase difference between the two
branches at the desired working frequency. Moreover, a signal generator is involved in
order to generate an AC electric field in the sensing area with appropriate frequency and
magnitude of signal input. Another two bias tees are connected into the system in order
for combination of RF signals with external AC signals. The circuit model of the bias tee
is shown in Fig 2.7. The reason why n-DEP is chosen instead of p-DEP (described above)
is that the capacitor in the bias tee can help prevent low frequency signals from flowing
back into the vector network analyzer (VNA). Moreover, the magnitude of the external
AC signal will not be dampened too much by the inductor at lower frequency.
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Fig 2.6 The RF interferometer system with external power dividers, phase shifters,
attenuators and bias tees.

Fig 2.7 Circuit model of a bias tee.
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2.4 Experiment Result and Analysis
2.4.1 DEP Force Analysis at the Sensing Area
Before conducting measurement of silica particles, DEP force executed on silica
particles in an AC field is analyzed and simulated in HFSS (ANSYS, USA). Fig. 2.8
illustrates the simulation result of electric field distribution at the sensing area. The two
maximum intensity of electric field exists at the two edges of the signal line. Another two
strong intensity of electric field appears at the edge of the side ground symmetrically.
However, electric field intensity minima are located between the electric field intensity
maxima described above, as well as above the side grounds near their edges. The
maximum value of electric field is estimated on the order of 105 V/m.
The simulation result can be verified by numerically calculating the static electric
field distribution for a symmetric three-electrode geometry (Fig. 2.9) [49]. Fig 2.9(b)
reveals similar calculation result of electric field distribution as we simulated above.
Even if the geometry dimension is different from ours, as well as external voltage applied,
their whole setup is proportional to ours and achieves the same order of electric field
intensity. Therefore, it is demonstrated that our analysis of DEP force generated at the
sensing area due to an AC electric field is correct and we are able to expect that silica
particles could be trapped by electric field intensity minima by n-DEP force.
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Fig 2.8 Simulated electric field distribution at the sensing area in HFSS.
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Fig 2.9 Numerically calculated static electric fields in the microchannel with the threeelectrode geometry, which was assumed to be infinitely wide in the y direction. The
electrodes are symmetric in x-axis about the midpoint of the central electrode. The width
and gap between the electrodes are 40 and 20 µm, respectively. Channel depth: 25 µm.
Applied voltage for each electrode was ±10 V. (a). Contour plot of the electric field
strength E. (b). E − x curves at z = 0 (the electrode surface, the dashed line) and at
z = 25µ m (the PDMS surface, the solid line).
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2.4.2 DEP Aided RF Detection of Silica Particles
4 µm diameter silica particles are dispersed into diluted 1 × PBS solution to obtain a
concentration level of ~106/mL and conductivity of 3 ×10−2 S/m as mentioned above. The
particle solution is infused into the PDMS microfluidic channel through silicone tubes by
a syringe pump (New Era, USA). The flow rate of the syringe pump is set to be 10 µL/hr
in order for clear observation of particles travelling across the sensing area one by one.
The RF interferometer system is manually tuned to achieve ~90dB cancellation level at
desired working frequency f0. Afterwards, the signal generator is open to generate sin
wave input with the frequency to be 200 kHz, and the peak-to-peak voltage (Vpp) as
around 3V. The RF signal will not be interfered with by the external low frequency signal
input during the measurement (data is not shown here). As shown in Fig. 2.10, silica
particles can be trapped by electric field intensity minima above the side ground near its
edge as analyzed above (photo captured by the microscope from Amscope, USA).
Meanwhile, the RF signal is also changed due to the existence of the silica particle at the
sensing area. Multiple groups of measurement are conducted in order to eliminate errors,
with typical measurement results shown in Fig. 2.11. We can conclude that the existence
of the silica particle at the sensing area will introduce ~5dB magnitude change of the RF
signal, and merely undetectable phase shift probably due to small diameter of the particle.
Moreover, signal variations are also observed mainly due to uncontrolled lateral position
of the trapped silica particle along the edge of the side ground, as well as system error
resulting from interference with the noisy environment.
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Fig 2.10 Photo of one silica particle trapped by n-DEP force at the sensing area.
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Fig 2.11 Silica particle induced RF signal change with the aid of DEP force.
Due to tunability the RF interferometer system, electric properties of silica particles
at multiple frequency points could be investigated. The following measurement is
conducted firstly at f1 = ~375 MHz with silica particles trapped at the same area shown in
Fig 2.10. After detection, only the attenuator and the phase shifter are tuned to switch the
working frequency to f2 = ~3.9 GHz (ten times difference compared with f1) and achieve
a starting cancellation level at ~-90dB. Finally, the trapped silica particles are released by
decreasing the voltage of the external DEP signal input and RF signal changes induced
are measured at the same time (Fig. 2.12).
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Fig. 2.12 displays different RF signal responses due to silica particles trapped at the
sensing area by n-DEP force at two different frequency points. We can conclude that (i)
RF signal responses at two frequency points are quite different. Higher frequency shows
stronger potentiality of detecting the existence of silica particles at the sensing area.
Around 10 dB magnitude change of RF signals is detected at frequency f2, while only less
than 5 dB change is detected at frequency f1. It is mainly due to shorter wavelength of the
RF signal at higher frequency, and therefore higher sensitivity since the wavelength of
the RF signal is more comparable with the size of the particles detected; (ii) signal
variations still exist for both sets of measurements. Including the two possible reasons
mentioned above, another potential issue exists during the measurement at higher
frequency f2, because particle debris and even one or two more silica particles could be
trapped during the tuning process, resulting in variations of RF signal changes.

25

Fig 2.12 (a). RF signal change detection at ~ 375 MHz. (b). RF signal change detection at
~ 3.9 GHz.
2.4.3 DEP Aided RF Detection of Live Yeast Cells
The live yeast cells are also diluted in the 1 × PBS solution to obtain a concentration
level of ~106/mL and the medium conductivity is tuned to be 3 ×10−2 S/m. The
measurement process is similar to that described in section 2.4.2, with the only difference
being that the frequency of the external signal input is set to be around 60 kHz. Based on
Fig. 2.3, n-DEP will also be utilized to grab yeast cells at electric field strength minima.
However, the yeast cells are trapped above the center of the signal line instead of the
edge of the side ground (Fig. 2.13). Possible reason could be that the density of live yeast
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cells is similar as that of the surrounding medium, resulting in yeast cell floating in the
middle of the microfluidic channel. Yeast cell might flow over the gap, and be trapped by
the “well” of the electric field strength right above the signal line (Fig. 2.8 and 2.9).

Fig 2.13 Photo of one live yeast cell trapped by n-DEP force at the sensing area.
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Fig 2.14 Live yeast cell induced RF signal change with the aid of DEP force.
Typical measurement results are obtained in Fig. 2.14, indicating that live yeast cells
can be detected by the RF interferometer system with the aid of DEP force. However,
wider dispersion of RF signal changes induced by live yeast cells is observed. Possible
reasons include: (i) the size of live yeast cells is not well controlled; (ii) cell debris or
even smaller yeast cells are aggregating with live yeast cells; (iii) yeast cell position
along the signal line is not well aligned.
2.5 Conclusions
DEP force can be implemented to well control the position of silica particles and
live yeast cells due to their dielectric property difference with that of the surrounding
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medium. Non-uniform distribution of electric field is also mandatory to generate electric
field strength maxima or minima. With the aid of n-DEP force, silica particles can be
grabbed in the sensing area for RF detection, and generate ~5dB signal changes.
However, live yeast cells are not as easily detected as silica particles mainly due to cell
size variance and cell non-uniformity. Moreover, the tunability of the RF interferometer
system can facilitate RF measurement at multiple frequency points in a short period of
time. Silica particles are also investigated at ~375 MHz and ~3.9 GHz, respectively.
Higher frequency demonstrates stronger capability of detecting silica particles, as well as
higher sensitivity. Future work should focus on adequate control of particle or cell
position to eliminate position effects, and characterize cells at more frequency points to
extract their dielectric properties.
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CHAPTER 3
TIME DOMAIN DETECTION AND DIFFERENTIATION OF SINGLE
PARTICLES AND CELLS
3.1 Introduction
Electronic detection and differentiation of single cells in physiological solutions
have attracted significant interests for label-free and easy-to-use biomedical applications
[17-19]. Substantial progress has been made therein, including label-free analysis of
leukocyte subpopulations [21] and cancer cells [22], among many others. But most of the
developed methods, including dielectric spectroscopy (DS) efforts, electromechanical
methods [23, 24] and impedance flow cytometers [17], are at relatively low frequencies.
At high frequencies, which are believed to be necessary to interrogate cell interiors [25,
26], there is a lack of sensitivity for single cell measurements [17]. The use of resonators
[27, 28] and interferometers [29, 30] help address this issue, but these techniques mostly
stop cells for static examinations. As a result, the measurement speed is limited.
Radio frequency (RF) interferometers of different forms are demonstrated with high
and tunable sensitivity over wide frequency ranges [46-48]. These interferometers are
promising to be effective tools for single cell property characterization and examination.
In this chapter, a simplified RF interferometer design and operation is illustrated.
Moreover, a new method of RF detection and differentiation in the time domain is
proposed. Measurement results, as well as simulation results, indicate that single particles,
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live and dead yeast cells, normal breast and breast cancer cells, healthy and malaria
infected red blood cells can be clearly detected and differentiated in solution mixtures.
3.2 RF Interferometer Setup
The schematic of the RF interferometer for single particle and biological cell
investigation is shown in Fig. 3.1(a). Two Wilkinson power dividers are used for even
split and combination of RF signals. The RF interferometer is comprised of one tunable
attenuator and one tunable phase shifter in the reference branch and a simple coplanar
waveguide (CPW) structure (Figs. 3.1(a) - (c)) in the measurement branch. Coaxial
cables and phase shifter Φ are used to generate (π+2nπ), n=0, 1… phase difference at the
desired working frequency f0. A relatively low cancellation level (around -85dB) is
achieved by tuning the attenuator R. Afterwards, a probing signal at f0 is used to detect
the particles and cells in the time domain (CW mode). The RF sensor used is same as the
CPW described in Chapter 2, with 6 μm trace width and 7 μm gap size. The PDMS
microfluidic channel is strongly adhered on top of the sensing area for particle and
biological cell transportation by one-minute oxygen plasma treatment, with the
dimension of 50 μm height and 80 μm width.
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Fig.
3.1 (a) A schematic of the interferometer. Red curve indicates original probing signal,
while blue curve shows signal change when a particle/cell comes to the sensing area. (b)
A microfluidic channel is incorporated with the CPW structure. (c) A cross section of the
CPW with w = 6μm and g = 7 μm.
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3.3 Particle and Biological Cell Preparation
There are two types of particles investigated in this measurement. The ~4 μm
diameter silica particles are the same as used for DEP measurement in Chapter 2. The
other type is ~10 μm polystyrene particle (Sigma-Aldrich, USA).
Yeast cells (Saccharomyces cerevisiae ATCC 9763) were purchased from American
Type Culture Collection, Manassas, VA. The cells were grown in YM broth (20 ml) for
24 hours at room temperature (25°C) under shaking conditions (200 rpm). Later, the cells
were washed twice with 1X sterile phosphate buffer saline (PBS) by centrifugation at
10,000 rpm and again resuspended back in PBS. The optical density (OD600) and cellconcentration of yeast cells was measured in a spectrophotometer (Bio-Rad Smartspec
3000). Two centrifuge tubes containing 10 ml of freshly grown yeast cells resuspended in
PBS were again centrifuged at 10,000 rpm for 5 minutes. The supernatant was discarded
from both the tubes. The cell-pellet in one of the centrifuge tubes was resuspended by
adding 15 ml sterile PBS (for viable yeast cells) and that of the other centrifuge tube was
resuspended by adding 15 ml of 100% ethanol (for nonviable yeast cells). Both these
tubes were further incubated at room temperature for 1 hr. with gentle stirring at every 10
minutes. After that, the yeast cells in each of the tubes were centrifuged at 10,000 rpm
and finally resuspended back in PBS. The average diameters of live and dead yeast cells
were measured under inverted microscope and were found to be in the range of 6-8 μm
(live cells) and 3-5 μm (dead cells) respectively (Fig. 3.2).
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(a)

(b)

Fig. 3.2 (a). Live yeast cells. (b). Dead yeast cells. The scalar bar is 100 µm.
The normal human breast epithelial cell line MCF10A (ATCC; Manassas, VA) was
grown in Dulbecco’s Modified Eagle Medium (DMEM; Atlanta Biologicals; Atlanta, GA)
with 10% fetal bovine serum (Atlanta Biologicals), 1% antibiotic/antimycotic (Life
Technologies, Grand Island, NY), 0.5% fungizone (Life Technologies), and the MEGM
supplements added (EGF, insulin, BPE, gentamicin; Lonza, Walkersville, MD). The
MDA-MB-231 cell line isolated from human triple negative breast cancer (ATCC) was
grown and maintained in DMEM with 10% FBS, 1% antibiotic/antimycotic and 0.5%
fungizone. The cultures were maintained at 37ºC with 5% CO2 (Fig. 3.3).
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Fig. 3.3 (a). MCF10A normal human breast epithelial cells. (b). MDA-MB-231 breast
cancer cells. The scalar bar is 50 µm.
Plasmodium falciparum CS2 parasites were maintained in continuous culture at 4%
hematocrit in human O+ red blood cells. Cultures were maintained in 75 cm2 tissue
culture flasks at 37°C under a gas mixture of 90% nitrogen/5% oxygen/5% carbon
dioxide and in complete culture medium made up of RPMI containing 25 mM HEPES,
0.05 mg/mL hypoxanthine, 2.2 mg/mL NaHCO3, 0.5% Albumax, 2 g/L glucose, and 0.01
mg/mL gentamicin. Primarily ring-stage cultures were treated routinely with 5% DSorbitol to achieve synchronicity. To purify trophozoites, synchronous late-stage cultures
were layered over a 60% Percoll gradient and centrifuged at 2000 rcf for 15 minutes.
Cells at the 60% interface were harvested and washed 3 times at 750 rcf in 1X phosphate
buffered saline (PBS). The enriched infected cells were subsequently counted and
resuspended at a concentration of 1 million cells per milliliter in 1X PBS containing 0.1%
sodium azide.

35

Fig. 3.4 Microscopic image of healthy red blood cells (pink staining) and malaria infected
red blood cells (blue/purple staining).
3.4 Time Domain Measurement Results
3.4.1 Particle and Cell Solvent Measurement
Before particle and cell measurements, their solvents are measured to verify the
background noise level. For particles, the solvent is a mixture of 100-time diluted 1×PBS
and 5% tween 20 (Thermo Scientific, USA) while 2% Bovine Serum Albumin (BSA)
(Sigma-Aldrich, USA) is used to replace tween 20 for cells because tween 20 would be
detrimental to biological cells. Fig. 3.5 shows typical |S21| when the solvents fill the
microfluidic channel in Figs. 3.1(b) and (c). It indicates that cell solvents have more
fluctuations than particle solvents due to possible undissolved grain of BSA. Nevertheless,
|S21| remains stable for ~15 mins.
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Fig. 3.5 Particle and cell solvents measured at ~2.94 GHz.
3.4.2 Single Particle Measurement Result
The solutions of 4 μm diameter silica and 10 μm diameter polystyrene particles at a
concentration level of ~106/mL (the same for yeast cell, breast cell and blood cell
measurements below) are infused into the microfluidic channel with a syringe pump
(New Era, USA) through a piece of silicone tube (Gecko Optical, Australia) at 10mL/hr
flow rate. After infusion, the flow rate is decreased to ~8μL/hr to better observe particles
flowing through the sensing zone one by one while taking measurements (Fig. 3.1).
Fig. 3.6 shows the measured results of mixed particle solutions. It indicates that 4
μm and 10 μm particles can be detected and differentiated. The insets show that (i) the 10
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μm particle signals are narrower than 4 μm particle signals, probably due to speed
differences when Poiseuille flow occurs (Fig. 3.7). Laminar flow is assumed and all
particles are assumed in equilibrium state during measurement (same for cells below).
Thus, the heavier 4 μm particles (1.8 g/cc) have lower velocities compared with lighter
10 μm particles (~ 1.04 g/cc). Since each data point takes ~10 ms to obtain, particle
velocities can be estimated as 286 μm/s and 500 μm/s for 4 μm and 10 μm particles,
respectively; (ii) different Δ|S21| of the two types of particles are mainly due to particle
property and size differences, instead of the vertical position difference. This is verified
by HFSS (ANSYS) particle simulations. The two type particles are placed in the
microfluidic channel separately (Fig. 3.7). Particle induced RF signal changes are ~0.005
dB (magnitude) and 0.04 degree (phase shift) for 10 μm particles and (~0.001 dB, ~0.007
degree) for 4 μm ones. The above data are input into the interferometer system built in
ADS (Agilent) and generate Δ|S21| of ~15 dB and ~5 dB respectively (Fig. 3.8), which is
similar as observed during the measurement. Moreover, changing the vertical position of
the 4 μm particle from 7 μm to 20 μm generates much smaller Δ |S21| than the simulated
10 μm and 4 μm particle signal difference; (iii) signal variations exist for the same type
of particles, due to particle position fluctuations and particle size variations. However, the
signal variations Δ|S21| are much smaller (< 1 dB) than the signal difference induced by
different particle types.
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Fig. 3.6 Particle mixture measurement at ~2.94 GHz. The insets show signal responses of
10 μm particles and 4 μm particles.

Fig. 3.7 Velocity profile of Poiseuille flow in the channel. Red sphere represents for 10
μm particles, and blue one represents for 4 μm particles.
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Fig. 3.8 Particle induced RF signal change simulation. Blue dashed line represents for 10
μm particle and cyan dash dot line represents for 4 μm particle.
3.4.3 Yeast Cell Measurement Result
Viable and nonviable yeast cells were also measured. Typical results are shown in
Fig. 3.9. Similarly, different signal response patterns are observed. Non-viable yeast cells
produce smaller RF signals than viable ones mainly due to smaller cell sizes because both
cell electrical properties are nearly the same [36]. However, the differences between the
two types of yeast cells are not as clear as that for particles. Additionally, the signal
background is much noisier. Possible reasons include (i) yeast cell size variations; (ii)
yeast cells might have aggregations with cell debris or other smaller yeast cells (Fig 3.2).
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Fig. 3.9 Yeast cell mixture measurement at ~3.37 GHz. The insets show non-viable yeast
cell and viable yeast cell signal responses.
3.4.3 Breast Cell Measurement Result
Human breast cancer cells and normal human breast epithelial cells with diameters
of 10 μm and 15-30 μm, respectively, were studied similarly, with typical results in Fig.
3.10. It shows that breast cancer cells and normal breast cells both have strong signals.
The signals for normal breast cells are much higher because of larger cell size (twice in
size, on average) compared with cancer cells.
The tunability of the RF interferometer enables convenient measurement of the same
batch of cells at different frequencies. Fig. 3.11 shows the results at ~ 2.02 GHz (Fig.
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3.11(a)) and ~ 579 MHz (Fig. 3.11(b)). Signal responses for both normal and cancer
breast cells at ~2.02 GHz are not as strong as that at ~3.42 GHz, however, they are still
highly differentiable and provide similar signal patterns as that at ~3.42 GHz. For ~579
MHz frequency, signals are mostly immersed in the background noise and it is difficult to
differentiate different cell types.

Fig. 3.10 Human breast cell mixture measurement at ~3.42 GHz. The insets depict signal
responses of breast cancer cells and normal breast cells.
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Fig. 3.11 (a) Human breast cell mixture measurement at ~2.02 GHz. (b) Human breast
cell mixture measurement at ~579 MHz.
3.4.4 Red Blood Cell Measurement Result
Healthy red blood cells (hRBCs) and malaria infected red blood cells (iRBCs)
having similar diameters of 7.81 +/- 0.63 μm are measured and differentiated at ~3.41
GHz (Fig. 3.12). Even though the cell sizes for both cell types are almost identical,
different RF signals arise primarily from the unique existence of parasites that produce
hemozoin (blue/purple pigment in Fig. 3.4) and change dielectric constant, as well as
disable host membrane from retaining cytoplasmic ions in iRBCs [50]. As a result, the
cytoplasmic conductivity of iRBCs will be closer to that of the surrounding medium.
Larger Δ|S21| are also observed through the same simulation method mentioned in Section
3.4.2. The width of both signal responses in Fig. 3.12 are nearly the same, which
indicates similar cell velocities. RBC differentiation is also conducted at ~2.03GHz and
~629MHz, respectively (Fig 3.13(a) and (b)). Smaller RF signal difference is observed at
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~2.03GHz, while signal is mostly buried in the background at ~629MHz, which is similar
to the result in [51].

Fig. 3.12 Red blood cell measurement at ~3.41GHz. The insets show healthy RBC and
malaria infected RBC signal responses.
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Fig. 3.13 (a) Red blood cell measurement at ~2.03GHz. Healthy RBC and malaria
infected RBC signal responses are indicated in the insets respectively. (b) Red blood cell
measurement at ~629MHz.
3.5 Conclusions
We demonstrate effective time domain measurements of particles, yeast cells,
human breast cells and red blood cells in microfluidic channels with a simple and tunable
RF interferometer. It is shown that different particles and biological cells yield different
time domain signals, which are promising for their differentiations. Reasonably fast
measurements are also shown. Further work is needed to control cell positions,
characterize the cells at more frequency points, and obtain quantified cell properties.
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CHAPTER 4
3D MICROFLUIDIC CHANNEL AND LOW COST RF SENSOR
4.1 Introduction
Flow cytometer is believed to be a useful tool in particle or biological cell counting,
sorting, etc. in a stream of fluid with the help of electronic detection units. Polystyrene
beads, suspended in a sucrose-saline solution, can be detected and counted at the rate up
to 30 kHz by coplanar stripline structures [52]. However, the signal to noise ratio is
relatively high and signal variations are not well controlled because of uncertain particle
positions. 3D microfluidic channels bring hope to increase the signal to noise ratio of
particle or biological cell counting by aligning particle or cell flow in the middle of the
channel, and confining the sample stream close to the sensing electrodes via a third
vertical flow [53-57]. Moreover, in order to mitigate complicated fabrication of 3D
microfluidic channels and tedious fluidic interconnections, only one single sheath flow is
implemented to achieve 3D focusing and reasonable signal to noise ratio of fluorescence
bead and HL-60 cell counting [58].
In this chapter, our effort on 3D focusing microfluidic channel fabrication and
characterization is described. Moreover, a new type, low cost RF sensor is proposed and
investigated with reasonably accurate particle or cell position control to address
sensitivity and signal to noise ratio issues.
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4.2 3D Microfluidic Channel
4.2.1 3D Channel Layout and Fabrication
Fig. 4.1 shows the layout of 3D microfluidic channels. Three inputs are needed to
control the solution inside the channel labeled as a, b and c, respectively, while d is the
output of the solution. To be more specific, input b is for particle or cell solution, and
input a is to control the lateral size of the solution in the channel, while input c is to
compress the solution down to the bottom surface of the channel.

Fig 4.1 Layout of 3D microfluidic channels.
The 3D microfluidic channel molds are fabricated in the clean room (CNMS, Oak
Ridge National Laboratory, USA). The molds are based on 4” silicon wafers. The silicon
wafers are etched in the reactive-ion etching (RIE) chamber. The etching process
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includes: 1 min descum (remove oxide residue), BOSCH etch (silicon etching), and 10
min post-clean (remove photoresist residue). BOSCH etch is well controlled by the preset
recipe. What we need to do is to let the BOSCH etch run several loops and measure the
etching depth. Therefore, the etching rate can be estimated and the rest loops of BOSCH
etch can be set correspondingly in order to achieve desired etching depth.
4.2.2 Solution Measurement in 3D Channels
The PDMS 3D microfluidic channels are fabricated and sealed onto a piece of fused
silica slide by the same method described in Chapter 2. At this time, only input a and b
(Fig. 4.1) are used. Trypan blue (Sigma-Aldrich, USA) that is a vital stain used to
selectively color dead tissues is input from input b to generate visible solution flow in the
channel. DI water only is input from input a to control the width of the Trypan blue
solution. The flow rate of Trypan blue is fixed to be 1 mL/hr, while the flow rate of DI
water is increased from 3 mL/hr to 5 mL/hr. The measurement result is shown in Fig. 4.2
(a)-(d). Fig. 4.2 (a) shows the Trypan blue solution totally filling in the channel (50 µm
wide). When DI water is infused from input a, the Trypan blue solution is squeezed and
aligned in the middle of the channel. Fig. 4.2 (b)-(d) corresponds to the flow rate of DI
water from input as 3 mL/hr, 4 mL/hr and 5 mL/hr, respectively. Narrower width of
Trypan blue solution is obtained with the increase of the flow rate of DI water. For Fig.
4.3 (c), the width of the Trypan blue solution is estimated to be about 10 µm, which is
equal to the order of most of biological cell sizes. Therefore, PDMS 3D microfluidic
channel is a promising tool to control the trace of particles or biological cells.
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Fig 4.2 The flow rate of Trypan blue solution is fixed to be 1 mL/hr. (a). The flow rate of
DI water is 0 mL/hr (b). The flow rate of DI water is 3 mL/hr (c). The flow rate of DI
water is 4 mL/hr (d). The flow rate of DI water is 5 mL/hr.
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4.3 Low Cost RF Sensor Design
4.3.1 RF Sensor Simulation
A simple CPW structure is designed based on low cost material printed circuit board
(PCB), Rogers 3003 (Rogers Corporation, USA) instead of fused silica slides. The
Rogers 3003 PCB has a 1.52 mm thickness of dielectric material and 70 µm thick
electrodeposited copper foils on both sides of the substrate. Moreover, instead of
adhering a PDMS channel for particle or biological cell transportation, symmetric
trenches (150 µm wide) are cut just on both side grounds for solution transportation in the
sensing area (Fig. 4.3 (a)). Lossy material, like DI water can be added into the trenches to
investigate how much more loss will be introduced due to the lossy material (Fig. 4.3 (b)).
Simulation can be implemented in HFSS with the typical results shown in Fig 4.4 (a) and
(b). From Fig. 4.4 (a), we can observe that the CPW with trenches on both side grounds
can still work up to 10 GHz from the S-parameter simulation result, even if the trenches
would generate more complex path for the returning currents. The magnitude of S21
decreases heavily, especially at high frequency range, since the introduction of DI water
into the trenches result in more loss, as shown in Fig. 4.4 (b).
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Fig. 4.3 (a). Simulation layout of the CPW without DI water in the trenches (b).
Simulation layout of the CPW with DI water in the trenches.
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Fig. 4.4 (a). S-parameter simulation result of the CPW without DI water in the trenches
(b). S-parameter simulation result of the CPW with DI water in the trenches.
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4.3.2 RF Sensor Fabrication and Test
The CPW devices are fabricated on the PCB by the milling machine (Dr. Todd
Hubing’s lab). Expensive and complicated clean room fabrication process is not needed
at this time. Several parameters, such as plunge rate, feed rate and feed speed are
optimized in order to make the metal wall as straight as possible, as well as uniform
trench width. This is necessary because when particles or biological cells are travelling
through the trenches, electric field strength in the trenches should be as uniform as
possible so as to eliminate errors during the measurement. The surface of the device is
polished by sand paper after fabrication. Rogers 3001 bonding film is utilized to seal the
device and the glass cover with holes drilled in advance on top of it. Before the bonding
process, epoxy is added beside the trenches to prevent solution leakage (Fig 4.5). SMA
connectors are well soldered on copper devices.

Fig. 4.5 The CPW device with the glass cover bonded by the bonding film.
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After assembling the CPW device, broadband RF measurement is taken by the VNA
(Rohde & Schwarz, USA) from 1GHz to 10GHz. Moreover, DI water is infused into both
trenches through silicone tubes. Measurement results of these two cases are illustrated in
Fig. 4.6 (a) and (b) respectively. We can observe that the CPW without DI water can
work up to ~8 GHz and its S-parameters have a similar trend compared with simulation
results in HFSS, while much more noise is detected probably due to fabrication
imperfections. Moreover, when DI water is infused into the trenches, the performance of
the CPW degrades to some extent and can only work up to ~6 GHz since more loss is
introduced. Therefore, with better control of decreasing the dimensions of the trenches to
the order of the size of a single cell, this low cost CPW could be an effective and
economical tool to characterize single cells with accurate position control.

Fig. 4.6 (a). Measurement result of the CPW without DI water infused into the trenches
(b). Measurement result of the CPW with DI water infused into the trenches.
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4.4 Conclusions
PDMS 3D microfluidic channels can be used to well confine the lateral size of the
flowing solution, as well as have the potentiality to compress the solution down to the
bottom surface of the channel. Future work should focus on optimizing the proportion of
the three input flow rates to control the position of the particles or biological cells in the
channel precisely. This can be demonstrated by measuring particles controlled by 3D
channels to see whether highly uniform RF responses could be obtained. Moreover, the
low cost CPW with trenches on both sides can also be a promising tool to measure
particles or biological cells in an aqueous environment at a wide frequency range. The
dimensions of the CPW and the trenches should be decreased to the order of the size of
biological cells so that position effects could be mitigated to a great extent.
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CHAPTER 5
SUMMARY
In this work, a tunable RF interferometer is presented and manipulated to detect and
differentiate individual particles and biological cells. With the aid of several techniques,
such as DEP force and time domain method, obvious RF signal responses induced by
particles or cells are obtained. The tunability of the RF interferometer enables RF
measurement of the same batch of particles or cells at multiple frequency points, which
provides more electric information of particle or cell properties.
These preliminary measurement results indicate the capacities of the RF sensors, as
well as the RF interferometer system to detect and differentiate individual particles and
biological cells, with relatively high sensitivity and tunability. It is shown that silica
particles and live yeast cells can be trapped by n-DEP force at the sensing area, and well
detected by the RF probing signal. Moreover, it is effective to detect and differentiate
particles, yeast cells, human breast cells and red blood cells in the time domain. Different
particles and cells yield different time domain signals, which are promising for their
differentiations. Different RF signal responses at different frequency points are also
observed, indicating that higher sensitivity can be achieved at higher frequency. RF
interrogation of cells at multiple frequency points is also desired to retrieve more
information of cell electric properties.
Future effort will be focused on accurately controlling the position of individual
particles or biological cells and obtaining quantitative measurement results for cell
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electric property extraction. 3D focusing technique in microfluidic channels and low cost
RF sensor design is proposed and promising in order to control the cell trace and mitigate
position affects. With the help of a sensitive and tunable RF interferometer system, we
suppose that subpopulation of various types of biological cells can be detected and
differentiated effectively. Other biomedical topics, such as drug effects, urine effects, etc.
on biological cells could also be addressed.
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